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Abstract 
One of the major challenges in minimising the environmental impact of food processes is minimising the waste 
and cost associated with cleaning. Cleaning is necessary because of the rapid formation of fouling deposit inside 
process plant and the need to changeover between products. We have recently [1] suggested a classification of 
cleaning in which the costs of cleaning are mapped against the types of deposit. The aim of this work is to 
identify how to relate the cleaning of one material to that of another, since at present the design of cleaning 
processes is largely empirical. A series of experimental studies are described in which the cleaning of three types 
of deposit are studied to identify the critical factors which in each case lead to a finally clean surface. Suggestions 
for the development of the work are given. 
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1. Fouling and Cleaning 
Within a manufacturing environment many equipment types are used to produce a product, 
including tanks, pumps, valves and pipework. Any surface which material contacts during its 
production will have to be cleaned to an appropriately safe and hygienic standard to enable the use of 
the equipment for further production. Fouling of food processing equipment is rapid, and may result 
from many processes; in addition, in many plants there is a need to change between products when 
one line is used to make many different foods, Cleaning In Place (CIP) is typically used to clean the 
inside of process plant.  
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Process plant cleaning is time and resource consuming within a manufacturing operation, 
significantly contributing to the environmental footprint of the plant [1]. Efforts to minimise the use of 
time, water, CIP chemicals and energy can improve both the efficiency of a plant and its 
environmental impact. 
 
We have recently [2] proposed a relationship between the soil or foulant to be cleaned and the type 
of cleaning required. This paper attempts to classify cleaning systems into a cleaning map [3]. The 
most difficult to clean systems were classified as follows: 
x Type 1: highly viscous or viscoelastic fluids which remain on the surface and can be removed by 
DFWLRQRIZDWHUDORQH
x Type 2: biofilms—these differ from the other two categories by requiring the cleaning process to 
kill all the adhered organisms. 
x Type 3: solid deposits formed by components of the process fluid as a result of one or more of 
the fouling mechanisms, and that require cleaning chemicals for efficient deposit removal. 
 
This ‘cleaning map’ is only preliminary, and need to be populated by data that allows cleaning 
times to be predicted. As part of a large collaborative programme supported by industry (GSK, 
Unilever, Kraft, Heineken, Ecolab, GEA, Alfa Laval and Bruker) and linking three Universities 
(Birmingham, Imperial College and Newcastle), a series of experiments have been conducted to 
study the cleaning of different types of deposit [4-6] including, toothpastes, confectionary soils and 
yeast films in brewing.  
Interactions have been studied from the nano-scale (using atomic force microscopy [4] to study 
how surfaces and deposits interact) to the meso-scale (using micromanipulation probes [7,8] and 
bench-top cleaning rigs to study cleaning at a micron –to- mm level) to the cleaning of filled full-
scale pipework [5,6]. The aim of the work is to identify how different systems clean, and to be able to 
predict the cleaning time of one material either directly, from knowledge of the properties of the 
fluid, or indirectly using correlations that allow data to be scaled up from one experiment to another. 
It would, for example, be very useful to carry out experiments on novel surfaces  at a small scale, as 
they can be very expensive. In addition,  
2. Materials and Methods 
Details of the experimental equipment used are given in refs [4-6]. Different types of deposit and 
fouling fluid have been studied; toothpaste and shampoos as representative of Type 1 problems, yeast 
biofilms as representatives of Type 2 problems, and a number of confectionary soils (sweetened 
condensed milk (SCM), Turkish delight and caramel, which are sugar- milk- and agar-based) as 
representative of Type 3 problems. 
3. Results and Discussion 
3.1 Can data from one lengthscale be scaled up to another? Nano to mesoscale 
Several sets of experiments were conducted to compare results at the nano-scale with those at the 
meso scale. At the nano-scale, results were obtained using AFM, in which a probe covered with 
different materials was contacted with surfaces coated with different types of material (toothpaste and 
the three confectionary soils) and the force between surface and probe measured. At the meso-scale, 
micromanipulation was used to pull deposit from a 25mm coupon, and the force per unit area required 
to clean the surface measured. 
Figure 1 shows data from four different substrates, in which data from the AFM (expressed as 
F/R) is plotted against data from the micromanipulation unit, in terms of the energy per unit area to 
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remove the material from a cm-scale coupon The Figure shows that similar behaviour is found from 
the two measurements. This suggests that candidate anti-fouling surfaces can be tested using small-
scale measurements such as AFM, potentially reducing the number of scale-up trials needed 
 
Fig. 1. Comparison of AFM data (expressed as normalised force between tip and substrate, F/R) with micromanipulation data 
(expressed as energy required to remove deposit, J/m2) [4] 
 
3.2 Can data from one lengthscale be scaled up to another? Mililmetre to m-scale. 
Cole et al. [5] report a series of experiments in which the removal of toothpaste (a viscous product 
of similar consistency to many personal care and food products) was studied. This was done at two 
scales; on a bench- top rig, where cleaning of fouled coupons can be studied, and on a pilot scale rig in 
which the cleaning of fully-fouled pipes can be monitored. In both case cleaning times, tc, can be 
identified.  
A number of attempts were made to make the cleaning time dimensionless, to allow data to be 
related from one scale to another. . One obvious method is to use (tc /W) where W is the mean residence 
time of the fluid in the system (W =V/Q; the volume of the system divided by the flow-rate). However, 
the cleaning process is here controlled by the removal of a final thin layer of deposit, so in practice the 
cleaning time is not a function of the pipe length.  This means that use of residence time as a 
correlation parameter is not successful.  
An alternative approach is to make the system dimensionless using (T=tcu/d) where u/d, the ratio 
of mean velocity to pipe diameter (or some other characteristic dimension) is some measure of the 
shear rate in the system. This produces results in which the two sets of results can be related. With 
type 1 deposits, removal must be a function of the rheological properties of the two fluids – ideally the 
cleaning rate of one fluid should be predictable from the behaviour of others and their rheologies. 
Work is continuing to study removal rates of different fluids. 
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Fig. 2. Dimensionless cleaning time vs.Re for pilot plant (dark points) and coupon rig (light points) data. A power law fit of all 
the data gives:Tc =9×107 Reí0.778, R2 = 0.8426, pilot plant data alone gives:  Tc = 5×1010 Reí1.31, R2 = 0.8715. [5] 
These two results suggest that is thus possible to relate data from the nano- to the metre- scale. The 
end result of this work should be the development of ways of testing candidate surfaces and of 
predicting macro-scale cleaning data from the smaller scale. Shear stress is a critical parameter; for 
example, results for the cleaning of fully fouled pipework can be expressed as being inversely 
proportional to the clean pipe shear stress, such as in Figure 3, which plots a range of data for different 
temperatures and velocities. It is of course well known that increasing flow rate increases the cleaning 
rate – identification of general design rules would be very useful however.  
In the case of Type 1 deposits, which can be removed by fluid flow alone, the data suggests that it 
would be possible to model the behaviour of the system using fluid mechanical parameters. Ideally, 
knowledge of the rheology of the fouling fluid and the cleaning fluid, together with the interfacial 
properties of the pipework, should enable the cleaning time to be predicted. The problem is analogous 
to annular flow in gas-liquid systems (in which a core of low-viscosity, generally air, displaces a wall 
film of water), and the same kind of mathematics can be used in developing computational models [9] 
3.3 Diffusion-reaction soils: Types 2 and 3 
The problem with dealing with soils in which cleaning chemical is needed is more complex than 
Type 1, as diffusion of the chemical into the deposit, subsequent reaction and removal are all 
potentially rate controlling. A number of reviews of this process have been published [10-11] and 
some data on diffusion processes in milk deposits is available [12]. It will be more complex to relate 
these different processes by the sort of simple correlation that has been shown to have some success in 
the previous discussion.  
Data suggests that the cleaning rate increases with increasing temperature and flowrate, as would 
be expected – and that as the temperature increases the effects of the reaction increase, so that 
different processes may control under different conditions. Figure 4 shows data for the cleaning of 
brewery yeast films, for example, but extensive data on milk soils is available (such as [12-13]). The 
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optimisation problem is in deciding whether the time gained by cleaning at high temperature and/or 
high chemical concentration is justified by the cost. In some cases, such as dairy films, excessive 
chemical concentration can give a gelled deposit that is difficult to clean [12]. 
 
 
Fig. 3. Cleaning time as a function of wall shear stress for the coupon rig (squares) and the pilot plant (0.3m test section = 
diamonds, 1m= circles, 2m = triangles) at different temperatures (20 0C; black, 40 0C; white, 50 0C; gray) 
 
Some data suggests that cleaning can be correlated by the same sort approach discussed earlier; for 
example, [14] shows that cleaning data for SCM (an intermediate in manufacture of chocolate [15]) 
can be plotted on a single curve against Reynolds number. It would obviously be useful to attempt to 
extend this work to consider other materials and cleaning chemical concentrations – but a very simple 
relationship is unlikely. 
 
Fig. 4. Cleaning time for yeast film deposited above fermentation vessels using 2 wt% chemical at temperatures at 20-70 C and 
flow velocities 0.26 – 0.5 ms-1) [5] 
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Fig. 5. Cleaning time for sweetened condensed milk (SCM) as a function of Reynolds number for different process 
temperatures [15] 
 
4. Conclusions 
Data for the cleaning of a variety of different systems has been presented. Building from the work 
of [2] and [3], attempts have been made to relate the cleaning of process plant under different 
conditions for different fluids. The classification of [2] potentially enables different cleaning problems 
to be compared systematically. The results suggest that for Type 1 deposits, that can be removed by 
water alone it is possible to define relatively simple correlations which can express cleaning time. 
There is scope here for the definition of fluid- mechanical models to predict cleaning from the 
physical properties of the system alone, i.e.. the rheology and interfacial properties of the fluids and 
the flows in the system. For Types 2 and 3 deposits, where cleaning chemical is needed to give 
removal, the problem is more complex; cleaning time is a function of flow and reaction parameters. 
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